Abstract: Warm Mix Asphalt (WMA), manufactured at a lower temperature than the traditional Hot Mix Asphalt (HMA), allows for important economic and environmental benefits when considered for application in roads. Nonetheless, despite the benefits, its application in pavement for roads is not as widespread as desired from an environmental point of view; more in-depth studies to investigate its development and wider applicability are required. Thus, the present paper aims to contribute to the implementation of this cleaner technology to produce WMA (based on chemical additives) for its application in pavement for roads, including from the stage of the design of the material in the laboratory (by selecting the most appropriate manufacturing temperature and additive type and dosage) to its production in a conventional industrial plant for its use in a trial section. Results demonstrate that it is possible to reduce the manufacturing temperature of asphalt mixtures by using chemical additives, recording similar mechanical behaviour (or even superior) to conventional hot mixtures when specific studies are developed for the optimal design of the WMA. It was also shown that these mixtures could be produced in a conventional asphalt plant without implementing important changes in equipment, which implies a cost-effective solution that can readily be incorporated into traditional plant procedures.
Introduction
Asphalt mixtures are the most widely used material in the construction of pavements for roads and highways around the world [1] . However, their use is associated with significant environmental pollution that is generated during manufacturing, placing and maintenance-namely the release of a large volume of greenhouse gases caused by the high manufacturing temperature (around 160 • C). This also leads to high levels of energy consumption, and hence, construction costs [2, 3] . Thus, in order to limit these problems [4] , a cleaner production of bituminous mixtures is required to decrease the manufacturing temperature without reducing their mechanical behaviour.
One possible alternative is the use of Warm Mix Asphalt (WMA), which is manufactured at 20-40 • C lower than the conventional Hot Mix Asphalt (HMA) [5] . These mixtures were developed to significantly reduce harmful emissions and energy consumption without compromising the mechanical performance of the material [6] [7] [8] . In particular, a number of studies [9] [10] [11] have demonstrated that the use of WMA in pavements for roads allows for lower emissions, fumes and odors; a reduction of ageing of the bitumen; a decrease in fuel consumption in plant; a more rapid turnover of traffic; and an increase in haulage distances among other economic and environmental advantages, due to the reduction in manufacturing and paving temperature. As a result of these potential benefits, WMA has attracted a considerable amount of attention in the USA as well as in various European countries in recent years [1, 9] .
The reduction in WMA temperature is the consequence of recent technologies that can be divided into different categories depending on the agent used, and includes organic additives, chemical additives, and foaming (water-based or water-containing) [5] . Despite this qualification, all of these technologies share the same objective-an improvement in mixture workability and aggregate coating at lower temperatures by reducing bitumen viscosity or modifying its surface tension for better aggregate wetting [12] . Among these technologies, the use of chemical additives (which are liquid surfactants that act at the microscopic aggregate/binder interface to reduce internal friction during manufacturing) is one of the most common solutions, since these additives require minimal changes to the manufacturing process. Further, they act as anti-stripping agents that increase the adhesion between aggregates and bitumen, thereby reducing problems associated with WMA such as stripping and raveling [13] . Moreover, in contrast to other techniques such as the use of foam bitumen, their use does not require special investment or modifications in the manufacturing plant. As a result, new WMA surfactant additives that require further investigation have been emerging, and the choice of these materials is often a subjective decision based on the skill of the engineer. Therefore, in-depth studies are required to provide useful knowledge about the suitability of these additives for application in pavement construction as well as their capacity to improve the mechanical performance of asphalt mixtures manufactured at low temperatures [3] . Moreover, most of the work on WMA with chemical additives has focused on laboratory analysis, with relatively few studies conducted in a real life field setting [14] [15] [16] [17] . The latter type of study is essential to demonstrate the effectiveness of reproducing these WMAs in real asphalt plants for their application in pavements for roads.
Given this lack of knowledge and its potential to reduce environmental issues associated with asphalt mixtures, the current paper set out to examine the effectiveness of various additives in improving the behaviour of WMA at a range of manufacturing temperatures (145 • C and 120 • C). To do this, the performance of each WMA was compared with that of conventional hot mix asphalt (manufactured at 165 • C) without additives, which was used as a control. Further, the present study evaluates the impact of the dosage of the additive in order to define the optimal design of WMA for its use in pavement for roads. Finally, a study of the reproducibility of the laboratory-designed WMA in a real plant was conducted, along with its application in a trial section, evaluating its mechanical performance in comparison with conventional HMA.
Methodology

Materials
For this study, the same type of asphalt mixture was used as that used in the production of both the HMA (used as a reference) and the various WMAs with different chemical additives (applied during manufacturing in order to reduce the temperature of mixing). Such a mixture has a dense-graded mix type AC 22 35/50 S (EN 13108-1) whose mineral skeleton is composed of limestone aggregates (which allows for sufficient contact with the bitumen to achieve a bond between binder and aggregates) [18] for the different fractions (0/6, 6/12, 12/18, and 18/25 mm) with a maximum particle size equal to 22 mm. The main properties of these aggregates are displayed in Table 1 , where it is clear that this material presents appropriate characteristics for its application in the manufacturing of asphalt mixtures. Filler was recovered from the crushing of limestone rocks, which provides fine particles with alkaline properties that facilitate the adhesion with bitumen. This material was less than 0.063 mm in size for more than 96% of the particles, with a density equal to 0.6 Mg/m 3 (EN 1097-3). The binder employed was type B35/50 whose penetration was equal to 44 dmm (EN 1426) with a softening point of approximately 52 • C (EN 1427).
With all of these materials, the asphalt mixture was manufactured using a bitumen dosage equal to 4% over the total mass. The mixture used as a reference to evaluate the influence of the different additives was manufactured at 165 • C, which is a common temperature for this type of mixture. Table 2 lists the main physical and mechanical properties for this material, where it is possible to see that the mixture presents appropriate properties for its application in asphalt pavements for roads. In order to be able to decrease the manufacturing temperature for the WMA, three types of surfactant additives were used, which are referred to in this study as A1 (a traditional surfactant additive with amine composition), A2 (a nano-additive that modifies the alkalinity of the aggregate surface) and A3 (a vegetable additive with active surface properties). Before the manufacturing of the various WMA, the additives were blended with the bitumen by using a rotational blender at 300 revolutions per minute for 10 min. The temperature of blending was around 160 • C, and after this process the bitumen was incorporated directly into the mixer over the aggregates at various temperatures (145 • C or 120 • C, depending on the case studied). The mixing time was similar to that used for the HMA, and the compaction temperature was almost 10 • C lower than the mixing temperature (as was the case for the conventional hot mix asphalt).
Testing Plan and Methods
By using the conventional AC 22 S mixture (manufactured at around 165 • C) as a reference, the testing plan developed in this study included three different steps (Table 3) in order to design and apply an asphalt mixture at a lower temperature with appropriate mechanical performance: (i) analysis of the effect of various additives to reduce the manufacturing temperature (evaluating its effectiveness under different manufacturing temperatures); (ii) optimisation of the mixture design (definition of the most appropriate manufacturing temperature and additive dosage) by using the additive selected in the previous stage; and (iii) reproducibility of the WMA in a real asphalt plant, and study of its mechanical behaviour in the laboratory. In addition, the effect of different manufacturing temperatures (145 • C and 120 • C) was analysed in the first two steps, while in the third step an optimal temperature was chosen on the basis of the results obtained in the previous steps. In the first step, the behaviour of 7 asphalt mixes was analysed: the conventional mix used as a reference and manufactured at 165 • C without additives (known as HMA165); and six mixes manufactured at 145 • C and 120 • C, including the three different chemical agents with a dosage of 0.5% over the mass of the bitumen (known as WMA-X-Y-Z, where X refers to type of additive, Y to the dosage, and Z to the manufacturing temperature). This percentage was selected since it is the usual value employed when using chemical additives in the production of WMA [19, 20] , whilst this quantity was maintained at a constant value for the three additives in order to compare their effect on the mix behaviour. Moreover, the temperature values were selected according to the range commonly used for WMA, which allows for determining the effect of this parameter by using both extreme values of temperatures used in the production of WMA.
To analyse the effect of the different additives on the behaviour of the WMA, the workability and compactibility of the various mixes was studied using a gyratory compactor. In addition, for the different specimens (4 for each mix) obtained from the workability study, its indirect tensile strength was evaluated to analyse the influence of each additive on the coating of the mix at low temperatures. The stiffness modulus test [21] , water sensitivity test [22] , and triaxial test [23] were also conducted for the different mixes in order to evaluate the impact of the additives on the behaviour of the mixes under the main mechanical properties (bearing capacity, water susceptibility, and resistance to plastic deformations) for their application in pavements for roads.
The second step of the testing plan consisted of studying the effect of the dosage of additive used (for the additive selected as the most appropriate in the previous step) while evaluating the impact of manufacturing temperature. This step was carried out with the aim of both optimising the design of the WMA, and obtaining a mechanical performance that is comparable with the conventional HMA. To do so, the behaviour of the asphalt mix was examined when manufactured at 145 • C and 120 • C by using 0.5% of additive (quantity employed in the previous step) and 0.05%. The percentage was considerably reduced in order to clearly identify the effect of the quantity of this component on the behaviour of the mixture, analysing whether this reduction in additive plays an essential role. Further, the choice of dosage was guided by the manufacturer's suggestion for finding the optimal solution to reduce production costs associated with using the chemical agent. On the other hand, in addition to the WMA mixtures, the performance of a conventional HMA was evaluated for use as a reference for analysing the influence of the additive. The properties evaluated were the workability and compactibility of the different solutions (which included determining the tensile strength), stiffness modulus [21] , water sensitivity [22] , and triaxial test [23] .
The third study step involved the production of the laboratory-designed WMA in a conventional asphalt plant, in accord with the results obtained in the previous stages. In addition, a trial section was paved with both the WMA and the conventional HMA (used as a control) in order to study the long-term behaviour of these mixtures in further studies. During the spreading process, samples of both types of asphalt mix were collected in order to study their behaviour in laboratory, and to then assess the viability of manufacturing this kind of material in conventional asphalt plants. The tests developed to evaluate the response of both mixtures were density [24] , stiffness modulus [21] , water sensitivity [22] , and triaxial test [23] .
The workability test was developed by using a gyratory compactor that allows for observing the relationship between the energy transmitted to the specimen and the level of compaction obtained, by analysing the aptitude of the material to be compacted at low temperatures. The total number of cycles applied was 210 gyros, in order to evaluate the evolution of the density of the material. In addition, after manufacturing 4 specimens for each mix, the indirect tensile strength was measured at 20 • by using the method developed in [25] .
The water sensitivity test [22] involves the manufacture of cylindrical specimens that are compacted with 35 blows on each side by a Marshall hammer in order to reproduce low compaction energy, thereby simulating more unfavorable conditions against water action. The specimens were divided into two sets of three specimens: a dry set and a wet set. The set of dry specimens was stored at room temperature in the laboratory (15 ± 5 • C), whereas a vacuum process was applied to the wet set for 30 ± 5 min until a pressure of 6.7 ± 0.3 kPa was obtained. The wet specimens were then immersed in water at a temperature of 40 • C for a period of 72 h. The next step was to carry out an indirect traction resistance test [25] on each of the cylinders (in both the dry set and the wet set) at a temperature of 15 • C, and to compare their indirect tensile strength through the ITSR (Indirect Tensile Strength Ratio, which is obtained by dividing the strength of the wet set by the strength of the dry set in terms of percentage).
The stiffness modulus was measured according to [21] , which consists of manufacturing cylindrical specimens compacted with 75 blows on each side. After conditioning the specimens at 20 • C for at least 2 h, they were placed and secured in a vertical position of one of its diameters, applying 10 load pulses to adjust the magnitude of the load and its duration. In order to measure the deformation of the diameter, 5 additional load pulses were applied to measure and record the load variation and deformation in the time period of each pulse. At the same time, the surface load factor was also determined. As a final result, the stiffness modulus was obtained for two diameters of the specimen (forming an angle of 90 ± 10 • ).
The triaxial test [23] entails the combination of a confining load of 120 kPa and another cyclic sinusoidal out-of-phase axial loading of 300 kPa at a frequency of 3 Hz for 12,000 load cycles. The creep and permanent deformation parameters for each specimen (cylinders with a diameter of 101.6 mm and a sawn-off height of 60 mm) are calculated, and the results obtained in the test are shown as the mean of the values obtained for three test specimens. During the current study, the triaxial test was carried out at 60 • C in order to assess the resistance of the material to plastic deformation under severe climate conditions.
Results
Effect of Different Additives on WMA Behaviour Figure 1 shows the curves of densification (reduction in air void content) of the asphalt mixtures manufactured at 145 • C ( Figure 1a ) and 120 • C (Figure 1b ) with 0.5% of various additives, as well as the curve measured for the conventional HMA. From the results, it is clear that the use of additives during the manufacturing of mixtures at 145 • C allows for workability that is comparable to that obtained for the conventional HMA, since quite similar air void content (near 4.5-5.5%) was recorded, highlighting the case of the additive A2. In addition, the workability study showed that the use of these chemical additives to reduce the manufacturing temperature to around 20 • C allows for values of density higher than 98%, in reference to the conventional HMA (2.44 Mg/m 3 ), which indicates its suitability for application in pavements for roads, avoiding the problems often associated with the low level of compaction for this material [26] .
For the mixtures manufactured at a lower temperature (around 120 • C), the results revealed that in this case the effectiveness of the additives is slightly lower than in the previous case (manufactured at 145 • C), since higher values of air void content were recorded, indicating lower compaction of the asphalt mixture associated with lower workability due to the increase in bitumen viscosity when the temperature is reduced. Nonetheless, the additives A1 and A2 led to decrease in densification in reference to that presented by the HMA, which allows for density values close to 98%, which was measured for the conventional hot mix asphalt. This shows that the use of these two additives could be appropriate for manufacturing WMA at 120 • C whilst adequate workability and compaction characteristics are obtained in reference to traditional HMA, which is in accord with other studies examining the use of additives for WMA [27, 28] . Therefore, these results suggest that the use of these two additives reduces susceptibility to manufacturing temperature with respect to the additive A3, which led to a significant decrease in density when the temperature was reduced from 145 • C to 120 • C. Figure 1 shows the curves of densification (reduction in air void content) of the asphalt mixtures manufactured at 145 °C ( Figure 1a ) and 120 °C (Figure 1b ) with 0.5% of various additives, as well as the curve measured for the conventional HMA. From the results, it is clear that the use of additives during the manufacturing of mixtures at 145 °C allows for workability that is comparable to that obtained for the conventional HMA, since quite similar air void content (near 4.5-5.5%) was recorded, highlighting the case of the additive A2. In addition, the workability study showed that the use of these chemical additives to reduce the manufacturing temperature to around 20 °C allows for values of density higher than 98%, in reference to the conventional HMA (2.44 Mg/m 3 ), which indicates its suitability for application in pavements for roads, avoiding the problems often associated with the low level of compaction for this material [26] .
Effect of Different Additives on WMA Behaviour
For the mixtures manufactured at a lower temperature (around 120 °C), the results revealed that in this case the effectiveness of the additives is slightly lower than in the previous case (manufactured at 145 °C), since higher values of air void content were recorded, indicating lower compaction of the asphalt mixture associated with lower workability due to the increase in bitumen viscosity when the temperature is reduced. Nonetheless, the additives A1 and A2 led to decrease in densification in reference to that presented by the HMA, which allows for density values close to 98%, which was measured for the conventional hot mix asphalt. This shows that the use of these two additives could be appropriate for manufacturing WMA at 120 °C whilst adequate workability and compaction characteristics are obtained in reference to traditional HMA, which is in accord with other studies examining the use of additives for WMA [27, 28] . Therefore, these results suggest that the use of these two additives reduces susceptibility to manufacturing temperature with respect to the additive A3, which led to a significant decrease in density when the temperature was reduced from 145 °C to 120 °C. In order to obtain a more in-depth study of the influence of the different additives, Figure 2 displays the values of Indirect Tensile Strength (ITS measured in kPa) measured for the specimens from the workability study (with gyratory compactor) for the different mixtures at low temperatures with the additives A1, A2 and A3, as well as the results obtained for the HMA. In addition, the In order to obtain a more in-depth study of the influence of the different additives, Figure 2 displays the values of Indirect Tensile Strength (ITS measured in kPa) measured for the specimens from the workability study (with gyratory compactor) for the different mixtures at low temperatures with the additives A1, A2 and A3, as well as the results obtained for the HMA. In addition, the Indirect Tensile Strength Ratio (ITSR) values obtained in the water sensitivity test [22] are shown in order to evaluate the moisture susceptibility of the various mixtures analysed.
According to the results, it appears that the use of the different additives to manufacture WMA at 145 • C leads to quite similar values of ITS to those measured for the HMA, thereby avoiding the failure of the mixture associated with the reduction in adhesion and cohesion due to the decrease in manufacturing temperature, which could in turn lead to coating problems. Similarly, application of the additives generally improved the ITSR values, which reflects an important reduction in water sensitivity for the WMA manufactured at 145 • C when using the additives analysed. These findings are also in agreement with other studies that employed chemical additives to act as anti-stripping agents [29, 30] . However, when the reduction in manufacturing temperature is higher (near 45 • C), it is important to note that a significant decrease in tensile strength could occur, despite the fact that the ITSR are quite similar to those presented by the HMA (with the exception of the additive A3, which showed an important increase in water sensitivity for the mixture manufactured at 120 • C), and therefore, the durability of the material could also be reduced.
With respect to the effectiveness of each of the chemical additives, the present results show that A1 and A2 lead to quite similar WMA performance, obtaining even higher tensile strength (in the case of A2) and lower water sensitivity than the HMA. In reference to the additive A3, this appeared to be less effective in avoiding the reduction in tensile strength and resistance to water due to the decrease in manufacturing temperature, which is probably a consequence of the lower capacity of this chemical additive to improve the adhesiveness between bitumen-aggregates by reducing the surface tension and increasing the wetting of aggregates [13] . Indirect Tensile Strength Ratio (ITSR) values obtained in the water sensitivity test [22] are shown in order to evaluate the moisture susceptibility of the various mixtures analysed. According to the results, it appears that the use of the different additives to manufacture WMA at 145 °C leads to quite similar values of ITS to those measured for the HMA, thereby avoiding the failure of the mixture associated with the reduction in adhesion and cohesion due to the decrease in manufacturing temperature, which could in turn lead to coating problems. Similarly, application of the additives generally improved the ITSR values, which reflects an important reduction in water sensitivity for the WMA manufactured at 145 °C when using the additives analysed. These findings are also in agreement with other studies that employed chemical additives to act as anti-stripping agents [29, 30] . However, when the reduction in manufacturing temperature is higher (near 45 °C), it is important to note that a significant decrease in tensile strength could occur, despite the fact that the ITSR are quite similar to those presented by the HMA (with the exception of the additive A3, which showed an important increase in water sensitivity for the mixture manufactured at 120 °C), and therefore, the durability of the material could also be reduced.
With respect to the effectiveness of each of the chemical additives, the present results show that A1 and A2 lead to quite similar WMA performance, obtaining even higher tensile strength (in the case of A2) and lower water sensitivity than the HMA. In reference to the additive A3, this appeared to be less effective in avoiding the reduction in tensile strength and resistance to water due to the decrease in manufacturing temperature, which is probably a consequence of the lower capacity of this chemical additive to improve the adhesiveness between bitumen-aggregates by reducing the surface tension and increasing the wetting of aggregates [13] . The results show that, in general, the WMA presented lower stiffness modulus than the HMA, regardless of the type of additive. In addition, it is clear that the lower the manufacturing temperature, the lower the stiffness modulus. Whilst this could be associated with lower compaction of the specimens (particularly in the case of the mixtures manufactured at 120 °C), the decrease in modulus could also be due to lower ageing of the bitumen during the manufacturing process, since the temperature is reduced by 20-45 °C in reference to the case of the HMA, and therefore, the short-term stiffening of the bitumen is lower [14, 19] . Thus, the mixtures manufactured at 120 °C showed higher reduction in stiffness modulus, obtaining quite similar values for the different additives, while in the case of the mixtures manufactured at 145 °C, the additive A2 led to a slight increase in bearing capacity, which could also be influenced by higher density values, according to the results described previously. The results show that, in general, the WMA presented lower stiffness modulus than the HMA, regardless of the type of additive. In addition, it is clear that the lower the manufacturing temperature, the lower the stiffness modulus. Whilst this could be associated with lower compaction of the specimens (particularly in the case of the mixtures manufactured at 120 • C), the decrease in modulus could also be due to lower ageing of the bitumen during the manufacturing process, since the temperature is reduced by 20-45 • C in reference to the case of the HMA, and therefore, the short-term stiffening of the bitumen is lower [14, 19] . Thus, the mixtures manufactured at 120 • C showed higher reduction in stiffness modulus, obtaining quite similar values for the different additives, while in the case of the mixtures manufactured at 145 • C, the additive A2 led to a slight increase in bearing capacity, which could also be influenced by higher density values, according to the results described previously. As the decrease in stiffness modulus in the WMA could be due to lower stiffening of the bitumen, lower resistance to rutting could be also obtained [14] . Figure 4 displays the resistance to permanent deformation for each mixture in order to show the effectiveness of these chemical additives in reducing the stiffening of the asphalt mixture whilst avoiding higher rutting deformations. In particular, Figure 4 presents the results obtained on the triaxial test, showing the final permanent deformation and the ratio of creep during the last loading cycles. The results indicate that the reduction in manufacturing temperature to 120 °C led to an important increase in plastic deformations, which could be associated with a decreased stiffness of the bitumen along with the lack of compaction. This effect was more marked for additives A1 and A3.
However, in the case of the mixtures manufactured at 145 °C, the decrease in binder stiffening due to the reduction in temperature was balanced with density values close to those shown by the conventional HMA (Figure 1 ), obtaining fewer permanent deformations, even in the case of additives A2 and A3. This indicates the ability of these chemical additives to reduce the manufacturing temperature of asphalt mixtures, which decreases stiffening whilst allowing the WMA to maintain a bearing capacity and resistance to permanent deformations that is comparable to conventional HMA. 
Optimization of the WMA Design
Based on the previous results, the A2 additive appears be appropriate for use in manufacturing low energy asphalt mixtures, since it shows mechanical performance that is comparable to conventional HMA, obtaining higher tensile strength, water resistance, bearing capacity, and resistance to plastic deformations than the case of the WMA used with other additives. The additive A2 was therefore selected as the most appropriate for studying the optimization of the WMA design, with a view to its later use in a real asphalt plant. Figure 5 compares the workability of WMA with 0.5% of additive As the decrease in stiffness modulus in the WMA could be due to lower stiffening of the bitumen, lower resistance to rutting could be also obtained [14] . Figure 4 displays the resistance to permanent deformation for each mixture in order to show the effectiveness of these chemical additives in reducing the stiffening of the asphalt mixture whilst avoiding higher rutting deformations. In particular, Figure 4 presents the results obtained on the triaxial test, showing the final permanent deformation and the ratio of creep during the last loading cycles. The results indicate that the reduction in manufacturing temperature to 120 • C led to an important increase in plastic deformations, which could be associated with a decreased stiffness of the bitumen along with the lack of compaction. This effect was more marked for additives A1 and A3.
However, in the case of the mixtures manufactured at 145 • C, the decrease in binder stiffening due to the reduction in temperature was balanced with density values close to those shown by the conventional HMA (Figure 1 ), obtaining fewer permanent deformations, even in the case of additives A2 and A3. This indicates the ability of these chemical additives to reduce the manufacturing temperature of asphalt mixtures, which decreases stiffening whilst allowing the WMA to maintain a bearing capacity and resistance to permanent deformations that is comparable to conventional HMA. As the decrease in stiffness modulus in the WMA could be due to lower stiffening of the bitumen, lower resistance to rutting could be also obtained [14] . Figure 4 displays the resistance to permanent deformation for each mixture in order to show the effectiveness of these chemical additives in reducing the stiffening of the asphalt mixture whilst avoiding higher rutting deformations. In particular, Figure 4 presents the results obtained on the triaxial test, showing the final permanent deformation and the ratio of creep during the last loading cycles. The results indicate that the reduction in manufacturing temperature to 120 °C led to an important increase in plastic deformations, which could be associated with a decreased stiffness of the bitumen along with the lack of compaction. This effect was more marked for additives A1 and A3.
Based on the previous results, the A2 additive appears be appropriate for use in manufacturing low energy asphalt mixtures, since it shows mechanical performance that is comparable to conventional HMA, obtaining higher tensile strength, water resistance, bearing capacity, and resistance to plastic deformations than the case of the WMA used with other additives. The additive A2 was therefore selected as the most appropriate for studying the optimization of the WMA design, with a view to its later use in a real asphalt plant. Figure 5 compares the workability of WMA with 0.5% of additive 
Based on the previous results, the A2 additive appears be appropriate for use in manufacturing low energy asphalt mixtures, since it shows mechanical performance that is comparable to conventional HMA, obtaining higher tensile strength, water resistance, bearing capacity, and resistance to plastic deformations than the case of the WMA used with other additives. The additive A2 was therefore selected as the most appropriate for studying the optimization of the WMA design, with a view to its later use in a real asphalt plant. Figure 5 compares the workability of WMA with 0.5% of additive (the quantity commonly used) and 0.05% (the quantity defined to assess the possibility of reducing the amount of additive used), taking the conventional HMA as a reference.
The results show that for both manufacturing temperatures (145 • C and 120 • C, in Figure 5a ,b, respectively), the quantity of additive exerts little influence, since both dosages generated rather similar curves of the evolution of the air void content in the asphalt mixtures. Regarding the effect of temperature, it appears that it is possible to obtain similar values of air void content to those measured for the HMA at the manufacturing temperature of 145 • C, which indicates the ability of this additive to improve the workability of the material despite the decrease in temperature. Moreover, despite the reduction in additive effectiveness at lower temperatures (around 120 • C), the air void content for such mixtures was lower than around 6%, obtaining density values higher than 98% over the conventional HMA. Thus, these results indicate that the use of this additive allows for appropriate workability and compaction of the asphalt mixture at low temperatures (within 120-145 • C), presenting little effect of the dosage of additive utilized (between 0.05% and 0.5% in this study). (the quantity commonly used) and 0.05% (the quantity defined to assess the possibility of reducing the amount of additive used), taking the conventional HMA as a reference. The results show that for both manufacturing temperatures (145 °C and 120 °C, in Figure 5a ,b, respectively), the quantity of additive exerts little influence, since both dosages generated rather similar curves of the evolution of the air void content in the asphalt mixtures. Regarding the effect of temperature, it appears that it is possible to obtain similar values of air void content to those measured for the HMA at the manufacturing temperature of 145 °C, which indicates the ability of this additive to improve the workability of the material despite the decrease in temperature. Moreover, despite the reduction in additive effectiveness at lower temperatures (around 120 °C), the air void content for such mixtures was lower than around 6%, obtaining density values higher than 98% over the conventional HMA. Thus, these results indicate that the use of this additive allows for appropriate workability and compaction of the asphalt mixture at low temperatures (within 120-145 °C), presenting little effect of the dosage of additive utilized (between 0.05% and 0.5% in this study). In addition, Figure 6 shows that although the decrease in additive dosage could lead to a slight increase in water sensitivity of the mixture, using a low quantity of this chemical agent (around 0.05% over the bitumen mass) allows for comparable (or even higher) indirect tensile strength to both the conventional HMA and the WMA with a higher amount of additive (0.5%). This fact indicates that despite the lower value of ITSR that is measured in WMA [14] , the values of tensile strength under wet conditions make it acceptable for application when compared with the mixtures used as a reference in this study.
In addition, the decrease in additive dosage was shown to be more effective in reducing the effect of manufacturing temperature (within 120-145 °C) on the behaviour of the asphalt mixture under tensile effort and water action, since quite similar values of ITS and ITSR were recorded for both temperatures when 0.05% of additive was used. In contrast, applying a higher amount of additive (0.5%) led to a decrease in tensile strength of the asphalt mixture when the manufacturing temperature was reduced to 120 °C. This fact could be associated with the nano-composition of this additive (A2), which acts at the microscopic aggregate/bitumen interface [13] , thereby improving performance when low quantities are used since it is possible to avoid the formation of agglomerations [14] . In addition, Figure 6 shows that although the decrease in additive dosage could lead to a slight increase in water sensitivity of the mixture, using a low quantity of this chemical agent (around 0.05% over the bitumen mass) allows for comparable (or even higher) indirect tensile strength to both the conventional HMA and the WMA with a higher amount of additive (0.5%). This fact indicates that despite the lower value of ITSR that is measured in WMA [14] , the values of tensile strength under wet conditions make it acceptable for application when compared with the mixtures used as a reference in this study.
In addition, the decrease in additive dosage was shown to be more effective in reducing the effect of manufacturing temperature (within 120-145 • C) on the behaviour of the asphalt mixture under tensile effort and water action, since quite similar values of ITS and ITSR were recorded for both temperatures when 0.05% of additive was used. In contrast, applying a higher amount of additive (0.5%) led to a decrease in tensile strength of the asphalt mixture when the manufacturing temperature was reduced to 120 • C. This fact could be associated with the nano-composition of this additive (A2), which acts at the microscopic aggregate/bitumen interface [13] , thereby improving performance when low quantities are used since it is possible to avoid the formation of agglomerations [14] . Similarly, Figure 7 shows that reducing the quantity of additive seems to be more effective in yielding a higher stiffness modulus (compared with using 0.5% additive) under the same manufacturing temperatures (producing a similar reduction in bitumen ageing). This is particularly important for a temperature of 120 °C, where a significant increase in bearing capacity was recorded when the dosage of additive was reduced. This could be related to a lower modification of the bitumen properties when the additive percentage is reduced, and thus a lower reduction in stiffness modulus is presented despite the fact that in both cases (0.5% and 0.05% additive) similar density values were recorded. Figure 8 displays the results obtained on the triaxial test for the WMA with different quantities of A2 as well as for the conventional HMA, used as a reference. Based on these results, it appears that the use of 0.05% of this additive improves resistance to plastic deformations of the asphalt mixture compared with the HMA (which could be due to improved workability and compaction when the additive is used), showing a similar performance at both of the low temperatures (120-145 °C). However, it should be noted that the increase in additive content could lead to the behaviour of the mixture being more susceptible to the manufacturing temperature, since in the case of using 0.5% additive, the mixture manufactured at 120 °C presented an increase in plastic deformations (both final deformation and ratio of creep), which could lead to the appearance of rutting deformation during its application in pavements for roads in comparison with the other WMA solutions and the conventional HMA. Similarly, Figure 7 shows that reducing the quantity of additive seems to be more effective in yielding a higher stiffness modulus (compared with using 0.5% additive) under the same manufacturing temperatures (producing a similar reduction in bitumen ageing). This is particularly important for a temperature of 120 • C, where a significant increase in bearing capacity was recorded when the dosage of additive was reduced. This could be related to a lower modification of the bitumen properties when the additive percentage is reduced, and thus a lower reduction in stiffness modulus is presented despite the fact that in both cases (0.5% and 0.05% additive) similar density values were recorded. Similarly, Figure 7 shows that reducing the quantity of additive seems to be more effective in yielding a higher stiffness modulus (compared with using 0.5% additive) under the same manufacturing temperatures (producing a similar reduction in bitumen ageing). This is particularly important for a temperature of 120 °C, where a significant increase in bearing capacity was recorded when the dosage of additive was reduced. This could be related to a lower modification of the bitumen properties when the additive percentage is reduced, and thus a lower reduction in stiffness modulus is presented despite the fact that in both cases (0.5% and 0.05% additive) similar density values were recorded. Figure 8 displays the results obtained on the triaxial test for the WMA with different quantities of A2 as well as for the conventional HMA, used as a reference. Based on these results, it appears that the use of 0.05% of this additive improves resistance to plastic deformations of the asphalt mixture compared with the HMA (which could be due to improved workability and compaction when the additive is used), showing a similar performance at both of the low temperatures (120-145 °C). However, it should be noted that the increase in additive content could lead to the behaviour of the mixture being more susceptible to the manufacturing temperature, since in the case of using 0.5% additive, the mixture manufactured at 120 °C presented an increase in plastic deformations (both final deformation and ratio of creep), which could lead to the appearance of rutting deformation during its application in pavements for roads in comparison with the other WMA solutions and the conventional HMA. Based on these results, it appears that the use of 0.05% of this additive improves resistance to plastic deformations of the asphalt mixture compared with the HMA (which could be due to improved workability and compaction when the additive is used), showing a similar performance at both of the low temperatures (120-145 • C). However, it should be noted that the increase in additive content could lead to the behaviour of the mixture being more susceptible to the manufacturing temperature, since in the case of using 0.5% additive, the mixture manufactured at 120 • C presented an increase in plastic deformations (both final deformation and ratio of creep), which could lead to the appearance of rutting deformation during its application in pavements for roads in comparison with the other WMA solutions and the conventional HMA. 
Production of WMA in Plant, and Evaluation in Laboratory
In accord with the previous findings, it was observed that the use of 0.05% additive (A2) could lead to appropriate mechanical performance of asphalt mixtures (with adequate workability, bearing capacity, and higher resistance to water action and to permanent deformations than the other dosage analysed) in comparison with HMA. In addition, it appears that the manufacturing temperature (ranging between 120-145 °C) has a relatively lower impact on WMA performance. Therefore, in order to analyse the performance of WMA in the field, an asphalt mixture manufactured at 130 °C including 0.05% of Additive type 2 was produced in a conventional discontinuous plant in order to study its reproducibility without the need to modify plant equipment, evaluating its mechanical performance in reference to HMA manufactured in the same plant at around 165 °C.
As shown in Figure 9A , firstly the additive was mixed directly with the hot bitumen (around 160 °C) for 20 min using a blender in order to obtain a homogenous mix of additive and bitumen. After this, the modified bitumen was mixed with warm aggregates (at 130 °C as shown in Figure 9B ), applying a similar mixing time to that used for HMA before starting the spreading and compaction process.
To determine the abilities of WMA manufactured in a conventional discontinuous plant, Table 4 shows the mechanical performance of both WMA and HMA during the spreading process ( Figure 9C,D) . The results indicate that despite a slight reduction in density of the WMA, both asphalt mixtures showed comparable density and air void content, implying the workability and compactibility of WMA. In addition, these values were quite similar to those measured for the mixtures manufactured in laboratory, which indicates good reproducibility of the WMA in a real asphalt plant.
Regarding the mechanical response of the mixtures, Table 4 shows that the WMA presented an even higher indirect tensile strength ratio under the water action while the tensile strength was quite similar to that measured for the conventional HMA. This could be associated with appropriate coating of aggregates in the WMA despite the decrease in manufacturing temperature, obtaining a good cohesiveness of the mixture as a result of using the chemical additive. Nonetheless, it is important to note that a slight reduction in stiffness and resistance to plastic deformations was recorded for the WMA in reference to the conventional HMA. This effect could be due to lower ageing of the bitumen during the manufacturing process, and therefore less stiffening of the asphalt mixture was observed, which is in accord with other studies [14, 19] . 
In accord with the previous findings, it was observed that the use of 0.05% additive (A2) could lead to appropriate mechanical performance of asphalt mixtures (with adequate workability, bearing capacity, and higher resistance to water action and to permanent deformations than the other dosage analysed) in comparison with HMA. In addition, it appears that the manufacturing temperature (ranging between 120-145 • C) has a relatively lower impact on WMA performance. Therefore, in order to analyse the performance of WMA in the field, an asphalt mixture manufactured at 130 • C including 0.05% of Additive type 2 was produced in a conventional discontinuous plant in order to study its reproducibility without the need to modify plant equipment, evaluating its mechanical performance in reference to HMA manufactured in the same plant at around 165 • C.
As shown in Figure 9A , firstly the additive was mixed directly with the hot bitumen (around 160 • C) for 20 min using a blender in order to obtain a homogenous mix of additive and bitumen. After this, the modified bitumen was mixed with warm aggregates (at 130 • C as shown in Figure 9B ), applying a similar mixing time to that used for HMA before starting the spreading and compaction process.
Conclusions
The present paper aims to analyse the effectiveness of various chemical additives used to manufacture asphalt mixtures at lower temperatures, to determine whether a cleaner technology can be employed for the production of asphalt mixtures with appropriate mechanical behaviour for application in pavements for roads. To this end, this study focused on determining the optimal design parameters of a WMA by examining its use in a real asphalt plant and applying the mixture in a trial section, as well as assessing its mechanical properties through the use of laboratory tests. On the basis of the results obtained in this study, the following conclusions can be drawn:
1. The manufacturing and compaction temperature has a strong impact on the behaviour of the mixture, obtaining better results when the manufacturing temperature is around 145 °C. Nonetheless, the behaviour of mixtures with the A1 and A2 additives appeared to be less susceptible to the effects of temperature than the material produced with A3 additives. 2. For mixtures manufactured at 145 °C, the results showed that the use of certain additives even allowed for an improvement in mixture workability, tensile strength, and water susceptibility in comparison with conventional HMA. 3. The results reveal that the use of certain chemical additives in WMA leads to lower stiffness modulus, without reducing the resistance to plastic deformations in reference to HMA. This indicates the possibility of obtaining more flexible mixtures without reducing strength, which could result in greater longevity of the mixtures. Nonetheless, there is a need for more in-depth studies on this topic. 4. The A2 additive was identified as the most appropriate in this study on the basis of the laboratory results, and it was shown that using a lower dosage (0.05% over the bitumen mass, instead of 0.5% that is commonly used with chemical additives) allowed for lower susceptibility 
1.
The manufacturing and compaction temperature has a strong impact on the behaviour of the mixture, obtaining better results when the manufacturing temperature is around 145 • C. Nonetheless, the behaviour of mixtures with the A1 and A2 additives appeared to be less susceptible to the effects of temperature than the material produced with A3 additives.
2.
For mixtures manufactured at 145 • C, the results showed that the use of certain additives even allowed for an improvement in mixture workability, tensile strength, and water susceptibility in comparison with conventional HMA.
3.
The results reveal that the use of certain chemical additives in WMA leads to lower stiffness modulus, without reducing the resistance to plastic deformations in reference to HMA. This indicates the possibility of obtaining more flexible mixtures without reducing strength, which could result in greater longevity of the mixtures. Nonetheless, there is a need for more in-depth studies on this topic. 4.
The A2 additive was identified as the most appropriate in this study on the basis of the laboratory results, and it was shown that using a lower dosage (0.05% over the bitumen mass, instead of 0.5% that is commonly used with chemical additives) allowed for lower susceptibility to the manufacturing temperature, whilst better mechanical performance was recorded. This fact could be associated with the nano-composition of this additive, which acts at the microscopic aggregate/bitumen interface.
5.
This study indicates that WMA can be produced in a conventional discontinuous plant without incorporating any significant changes to the equipment and manufacturing process. 6.
Moreover, the WMA presented appropriate density and air void values when compared to the HMA, whilst comparable tensile strength and water sensitivity was also recorded. Nonetheless, in this case, the reduction in stiffness modulus of the WMA produced a decrease in resistance to plastic deformations, which should be considered in further studies focusing on its application in bituminous pavements.
Taken together, the results obtained in this study suggest that, at least when using tensoactive additives, it is possible to manufacture cleaner asphalt mixtures at lower temperatures (WMA), with the material showing comparable mechanical behaviours to that recorded for conventional hot mixtures. In addition, it was also shown that this type of mixture could be manufactured in a conventional asphalt plant without the need to modify the equipment.
